ABSTRACT: Titanium dioxide gel monoliths were synthesized using an organic precursor and 0-30 vol% ethanol in water. The visible light-activated proton pump, bacteriorhodopsin, in its native purple membrane form, was successfully encapsulated within the titanium dioxide gels.
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Crystalline titania often takes precedence over amorphous titania for the study and development of photosensitive applications due to the larger band gap associated with amorphous titania as well as the disorder inherent in the amorphous structure which may lead to more sites for electron-hole pair recombination. 1, 11 Despite these limitations, amorphous titania is typically less expensive and easier to fabricate and has a larger surface area, making it an attractive candidate for photocatalysis. [11] [12] [13] However, to our knowledge, BR or any other integral membrane proteins have not been incorporated into amorphous titania.
The present work is focused on the process development of amorphous photocatalytic titania for encapsulation of BR and other integral membrane proteins through sol-gel synthesis.
We modify a popular sol-gel synthesis route for amorphous titania which is based on the hydrolysis of an alkoxide titania precursor, followed by polycondensation to create a porous polymeric or colloidal network called a gel. Monolithic gels were favored for this research rather than amorphous nanopowder in order to maximize the surface area within a porous product. BR could also be more easily incorporated into the monolithic gel as the pores would form around the protein, circumventing the need for additional cross-linkers. We did not dry the sol-gel monoliths as this would also decrease the available surface area provided by the pores as the pores shrink from capillary stress. [14] [15] The procedure developed in this work can be easily adapted to suit the creation of thin films through spin-or dip-coating for future applications should such approach prove appealing in future work.
The use of ethanol as a solvent in the sol-gel process is a key concern of the research as ethanol is frequently used in sol-gel processing to decrease gel time and increase surface area.
However, as high concentrations of alcohols are known to negatively impact the stability of both BR and its native lipid bilayer environment, 16 the ethanol content during synthesis was limited to 4 30 vol% or less. BR, associated with its native purple membrane, was incorporated into the titania matrices and the stability of the protein within the gel environment was monitored over time, including extended periods of high-intensity light exposure, and after light and dark adaption in order to determine if BR retained its ability to undergo reversible conformational changes associated with proton pumping. The photocatalytic activity of the titania under UV irradiation was studied through the degradation of methylene blue and the performance was compared to commercially available crystalline P25 titania nanoparticles in order to determine the feasibility of amorphous titania monolithic gels as a photocatalyst comparable to materials currently used for this purpose. Methylene blue was used a model organic molecule as it degrades in the presence of species produced from the UV exposure of titania.
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MATERIALS AND METHODS
Materials.
Titanium ethoxide (~80%), absolute ethanol, propylene oxide (≥99.5%), methylene blue (≥82%), and crystalline P25 titanium dioxide nanopowder (≥99.5%) were purchased from Sigma-Aldrich, Inc. Hydrochloric acid (12.1M) was purchased from Aqua Solutions, Inc. (Deer Park, TX). Purple membrane associated bacteriorhodopsin derived from Halobacterium salinarum was purchased from Bras del Port, S.A. (Santa Pola, Alicante, Spain). A Barnstead Nanopure System (Barnstead Thermolyne, Dubuque, IA) was used to purify water used in all experiments.
Synthesis of Amorphous Titania Gel Matrix.
During the typical synthesis of titania gels, 170 µL concentrated hydrochloric acid was added to 7-10 mL of DI water or diluted methylene blue solution in the case of gels for photocatalytic characterization. This solution was then stirred vigorously while a second solution of 1 mL titanium ethoxide and up to 3 mL absolute ethanol was slowly dispensed into the stirred solution. The amount of ethanol used was varied to obtain 5 gels with concentrations of 70-100 vol% water. Once the titania precursor had been completely incorporated, 1 mL of propylene oxide was added to the solution to encourage gelation. At this point, the solution, or sol, was filtered using a 0.2 µm filter and dispensed into 3.5 mL acrylic cuvettes, which were then sealed and stored in the dark, at room temperature to allow for gelation. Gels typically solidified within 30 to 90 mins depending on water content with an increase in gelation time with higher water content. The final transparent gels had a concentration of approximately 0.28 M titania. Gels used for photocatalytic characterization contained 17 µM methylene blue. As no ethanol was extracted from the gels, the final ethanol concentration within the gel pores was determined through density measurements of the pore liquid expelled as gels were allowed to age and harden over the course of 1-7 days while covered at room temperature and in the dark (see Supporting Information). To consider the effects of porosity and ethanol concentration on the level of photocatalytic activity achieved by the titania gels, additional gels were developed (see Supporting Information).
Bacteriorhodopsin Encapsulation. Titania gels for BR encapsulation were synthesized following protocols described in the synthesis section with DI water replacing the methylene blue solution. BR suspended in ultra-pure DI water was added to the titania sol once the sol had been filtered as previously described. The sol with a final BR concentration of 5 µM, was gently mixed and allowed to gel while sealed and covered on the benchtop. Gelation typically occurred within 30 to 60 mins and the transparent gels were stored in the dark at 4°C for at least 20 days.
Temperature-dependent visible spectra of the gel-encapsulated BR was measured using a UV-2450 UV/Vis spectrophotometer (Shimadzu Corp., Kyoto, Japan). To determine the stability of BR in solution or when encapsulated in titania gels, samples were irradiated with 365 nm light from a Spectroline ENF-280C dual-wavelength UV lamp (Spectronics, Corp., Westbury, NY) or 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Characterization of Titania Gels. Wet gels are challenging to characterize fully using conventional methods as drying the gels will result in significant changes to the gel's structure as the pores within it will shrink in response to the capillary pressure during solvent extraction. [14] [15] To overcome this difficulty, the porosity of the gels was characterized by monitoring the volume loss of pore liquid during expedited ageing. During the ageing process, the pores within the gel will collapse as the surface groups undergo condensation, causing the pore liquid to be excreted from the gel in a process called syneresis. 14 The ageing behavior of the gels was artificially accelerated by heating the gels at 85°C. Every hour, the excreted pore liquid was removed from the gel container and the mass of the hardened gels were measured to monitor pore liquid loss. 
RESULTS AND DISCUSSION
Presence of Titania in Gels. Titania gels were synthesized as monoliths from a titanium ethoxide precursor in an aqueous environment containing 0, 15, or 30 vol% ethanol in order to provide a range of biomembrane compatibility from highest to lowest The gels were visibly transparent, indicating there was minimal to no light scattering in the gels which we attribute to a filtration step in the synthesis. UV/Visible spectra of all monolithic gels before UV irradiation displayed significant absorbance in the 250-375 nm region associated with the presence of titanium dioxide as shown in Figure 1 . The titania peak onset or cut-off wavelength, as determined graphically through inspection of UV/Vis spectroscopy data, was used to calculate the band gap of the amorphous gels (see Supporting Information). With an average onset wavelength of 365.9±0.5 nm, the band gap of the titania gels was calculated as 3.39±0.01 eV.
The percentage of ethanol used in synthesis of the gels was found to have no impact on the band gap of the material. Commercial crystalline P25 titania nanopowder in water had an average Characterization of Titania Gels and Pore Liquid. Density measurements of pore liquid during natural ageing were used to determine the final ethanol concentration within the developed titania gels in order to assess biomembrane compatibility. The calculated final ethanol concentration in the pore liquid for each gel synthesis is shown in Table 1 . Determining the final ethanol concentration within the pores of the gels is essential to determine the environment that will impact any biomolecules encapsulated within the gels. Additionally, the ethanol concentration will have a significant impact on the photocatalytic activity of the gels. The ethanol concentration in the pores of the 100 vol% water gels was 0.8 M, which is due to ethanol production during hydrolysis and potentially condensation reactions during the synthesis.
Despite the relatively large error bounds, 0.8 M ethanol is stoichiometrically consistent with nearly complete conversion of the titanium ethoxide precursor to 0.28 M TiO 2 as four ethanol molecules would be present for every titanium atom. The porosity of the gels, measured through encouraged ageing, is shown in Table 1 . The 70 and 85 vol% water gels achieved a porosity of 86±5% and 87±4%, respectively. Such a level of porosity is consistent with what would be expected in gels prior to solvent extraction. 14-15 100 vol% gels had a porosity of 81±3%, likely due to the fact that higher concentrations of water result in higher rates of hydrolysis and crosslinking which are associated with materials of a lower surface area and porosity. 15, [21] [22] The difference in the level of porosity achieved by the 70 and 85 vol% water gels and the 100 vol% water gels was statistically significant (see Supporting Information) and is important for future considerations in gel synthesis as higher surface area will provide advantages in photocatalytic applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 association with its retinal chromophore, the molecule responsible for photon absorption, the protein will have an absorbance maximum around 560-570 nm. [23] [24] [25] In the case of BR denaturation, this retinal peak will shift to 380-400 nm as the tertiary structure of the protein deteriorates and the retinal is stripped from the structure. [23] [24] The absorbance spectra of the titania gels with encapsulated BR are compared to the spectra from BR in solution with ethanol concentrations matching that of the pore liquid in each set of gels in Figure 2 .
Encapsulation of Bacteriorhodopsin in
The BR in both solution and within the titania gels undergoes increasing amounts of denaturation as a result of increasing ethanol concentrations as apparent by the decrease in absorbance at 555-560 nm and increase at 400 nm. These results are consistent with previous studies which have observed the same trend of BR in ethanol as alcohols disrupt the hydrogen bonding within the tertiary structure of the protein. [23] [24] Background spectra from titania gels without protein was minimal between 360 and 700 nm and it was removed from the spectra of gels encapsulating BR in order to isolate the effects from the protein. As shown in Figure 2A , the peak absorbance of the BR within the 100 vol% water gel occurs in close proximity to that of the properly folded BR in solution (555 nm for gel and 560 nm for solution) and the peak itself is clearly defined with a shape matching that of the properly folded BR in solution. There also appears to be a sub-population of denatured BR indicated by a similar absorbance at 360 nm.
Gels made with 15 vol% ethanol (85 vol% water) showed evidence of less properly folded BR and more denatured BR in the absorbance. In the presence of 11.4 M ethanol, BR in solution and in the gel (70 vol% water gel) appears to be fully denatured. These trends are also shown by visual inspection of the titania gels as shown in Figure 3 , wherein the 100 vol% water gel maintains the pink-purple color indicative of the presence of properly folded BR while the 85
and 70 vol% water gels show decreasing amounts of pink coloration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12
Overall, BR encapsulated in titania gels results in higher absorbance values than that seen in solution, likely due to a small amount of scattering from the gel matrix. While the background absorbance of the titania gels was minimal in the visible light region and was removed for the purpose of data analysis, the onset of the UV-range titania peak resulted in data too noisy for accurate analysis between 300-360 nm. The peak from denatured BR retinal in the gels (360-370 nm) may have been exaggerated to some extent due to its close proximity to the titania peak and scattering.
To determine the stability of the membrane protein in titania, the absorbance of the encapsulated BR was monitored over the course of two weeks through observation of the BR peak (550-560 nm) in the visible range. BR within 100 vol% water gels underwent an average peak height change of 0.2±0.8% after two weeks of encapsulation and storage at 4°C and no evidence of significant gel shrinkage or damage from solvent loss was found through visual inspection of the gels containing BR. The demonstrated stability of both the protein and the gel is promising for longer term encapsulation of a membrane protein within amorphous titania.
BR in solution and encapsulated within titania gels was exposed to high intensity UV and white light (435-700 nm) for at least five hours and the change in retinal absorbance (555 nm for gel and 560 nm for solution) was monitored in order to determine the robustness of the BR under irradiation and indicate the feasibility of future application in hydrogen production. When in solution, the BR experienced a 1.21±0.43% and 0.13±0.09% relative loss in peak height following irradiation with UV and white light respectively. When encapsulated, there was a relative peak height loss of 3.71±0.02% with UV light and 3.42±1.82% with white light. The difference in level of peak degradation between solution and gel samples was determined to be Ethanol has positive effects on both the properties and the photocatalytic capabilities of the final gel product. However, the negative impact that even small amounts of ethanol used during gel synthesis has on the stability of the BR in the gel cannot be ignored. Therefore, future research and development will need to focus on lessening the deterioration of the BR without a significant sacrifice to the photocatalytic activity of the final product. Adding small amounts of ethanol or methanol below the concentration threshold that leads to severe BR degradation to the 100 vol% water sol is a promising option for increased photocatalytic activity without sacrificing protein content. Using methanol would likely improve the performance of the gels as it is a more efficient sacrificial electron donor (SED) than ethanol 26 and requires higher concentrations than ethanol to achieve the same level of BR denaturation.
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Bacteriorhodopsin Functionality within Titania Gels. In order to study the functionality of the BR when encapsulated in titania, the capability of the protein to make the conformational changes necessary to convert between dark-and light-adapted states was monitored using UV/Vis spectroscopy. Dark-adapted BR when not exposed to light exists in a mixture of 13-cisretinal and all-trans-retinal conformations and have a maximum absorbance around 558-560 nm. 25, 27 In order to initiate the photocycle responsible for proton pumping, BR must first be converted to an all-trans-retinal conformation by absorbing light. 25, [27] [28] [29] [30] This light-adapted state is characterized by a small red-shift in the maximum absorbance of the protein to around 568 nm. 25, 27 Evidence of this state conversion with BR encapsulated in titania will be an indication of protein functionality and the feasibility of taking advantage of BR's proton pumping function for water-splitting applications. The absorbance of BR in aqueous solutions and encapsulated in 100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 vol% water gels were measured after each sample had been isolated in the dark from all light for several hours. It was then exposed to white light (435-700 nm) for an additional absorbance measurement before being once again isolated in the dark prior to a final absorbance spectra.
This process allowed for the extent of the light-adapted state red-shift as well as the reversibility in each sample medium to be analyzed. The absorbance transition in the gel and in solution is shown in Figure 4 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 this is a promising indication that completion of the proton pumping photocycle can occur in the gel.
While both the BR conformational transition in titania and in solution were shown to be reversible in that the maximum absorbance returned to the dark-adapted wavelength following light-adaption, the encapsulated protein did have a decrease in absorbance at this wavelength.
This decrease was coupled with an increase in absorbance of the 360 nm peak indicating further protein denaturation. This apparent degradation following light-adaption may be due to the presence of ethanol in the gel and an increased vulnerability of the protein to deterioration due to the conformational change.
An increase in temperature is known to cause changes in BR's visible spectra as the protein's secondary structure shifts in response to the temperature change. 24 The retention of this thermochromic functionality of BR under confinement was observed within titania gels made with 100 vol% water. As shown in Figure 5 , the titania-encapsulated BR undergoes a progressive blue-shift of 10.1±0.3 nm with a temperature increase from 10°C to 50°C. BR when under no encapsulation in aqueous solution was found to have a blue-shift of 9.5±0.1 nm under the same temperature increase (see Supporting Information). The difference between the magnitude of blue-shift when the BR was free in solution and encapsulated in titania was not found to be statistically different (see Supporting Information). The extent of thermochromic behavior of BR encapsulated in our titania gels is comparable to work conducted by Neebe et al 24 wherein BR was encapsulated in polyacrylamide gels and thin films. Gels made with 85 vol% water did not have enough of a distinguishable BR peak to successfully monitor any thermochromic behavior. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 significant effect on the titania absorbance in the gels and only resulted in a decrease of the methylene blue absorbance peak height at 665 nm (see Supporting Information). The normalized concentration of methylene blue was calculated by monitoring the peak height at 665 nm, as this is directly proportional to the concentration of methylene blue. Photocatalytic activity of the gels was studied by comparing the methylene blue concentration loss in the UV-irradiated gels over time. As shown in Figure 6 , titania gels displayed methylene blue degradation trends similar to that obtained with commercial crystalline P25 nanopowder of the same titania and ethanol concentrations in water. After five hours of UV treatment, 85 vol% water gels showed a 91.6±3.5%. Gels with 70 vol% water experienced similar performance (see Supporting Information). Titania gels made with 100 vol% water had about 50% less methylene blue degradation than the 85 vol% water gels as shown in Figure 6 . This is also indicated by visual inspection of the gels in Figure 7 as the 85 vol% water gels can be seen to achieve the higher degrees of methylene blue degradations with gels appearing colorless after about four hours of UV irradiation. It should be noted that there was no methylene blue degradation in titania gels or when in contact with crystalline P25 when stored in the dark and not subjected to UV irradiation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 Figure 6 . Methylene blue degradation in titanium dioxide gels over time from UV irradiation.
C/C 0 represents the methylene blue concentration post UV irradiation normalized by the concentration prior to UV irradiation. Given are the volume percentage of water used in the solgel synthesis; the remainder was ethanol. Crystalline P25 titanium dioxide nanoparticles were suspended in water and ethanol solutions that matched the measured ethanol contents of the gels.
Error bars represent the standard deviation. The extent of methylene blue degradation increases with increasing amounts of ethanol in the gel. Short-chain alcohols such as ethanol, are well-known to aid photocatalysis as a sacrificial electron donor, resulting in higher photocatalytic activity in association with titania. 3, 7, 26, [32] [33] In this case, the excess ethanol functions as a reducing agent within the system and is oxidized by the holes generated within the titania as a result of light irradiation 33 as shown in Figure 8 . As the holes are consumed by the oxidation reaction with the ethanol, the electrons in the titania are prevented from recombination with the holes, driving further production of electron-hole pairs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 34 In addition to preventing electron-hole pair recombination, ethanol, when functioning as an SED, will produce hydrogen protons when it consumes the produced holes. These hydrogen protons will aid in the methylene blue degradation as the protons are necessary for the breakdown of the ring structure following the N-demethylation of methylene blue by holes or radical hydroxyls produced in the titania [35] [36] as detailed in Figure 8B . Ethanol's functionality as a SED has been shown to increase rates of photocatalytic degradation of methylene blue. Using ethanol during sol-gel synthesis also leads to potentially positive effects on the structure of the final gel. Ethanol can lead to an increase in surface area within the gel when added during hydrolysis. [14] [15] This was illustrated earlier as the 70 and 85 vol% gels had an average porosity of about 87%, whereas the 100 vol% gels had a porosity of 81% as a result of a higher extent of cross-linking. Higher surface area and the resulting higher availability of surface 20 hydroxyls has been shown to increase photocatalytic efficiency by preventing electron-hole pair recombination as the holes react with the hydroxyls.
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Increased concentrations of ethanol resulted in a higher amount of dye degradation with the crystalline P25, mirroring the results observed with the gels in Figure 6 . However, crystalline P25 nanopowder consistently failed to achieve the same level of methylene blue degradation as that seen in the gels. On average, crystalline P25 attained a level of methylene blue concentration or loss at least 12% lower than that observed in the corresponding titania gels. Despite amorphous titania's typically lower photocatalytic activity due to increased band gap energy and the higher potential for electron-hole pair recombination, the gels were able to overcome these limitations. The increased surface area associated with the highly porous titania gels gave an advantage in photocatalytic efficiency over the crystalline P25 nanopowder.
To consider the impact of the ethanol as a SED and the porosity difference between the 70 and 85 vol% and 100 vol% water gels, the photocatalytic activity of gels synthesized by adding varying amounts of ethanol following the initiation of the polycondensation of the sol were compared to the 70 and 85 vol% water gels. These gels were irradiated with UV light for three hours and the normalized methylene blue concentrations in the gels following treatment are compared in Figure 9 . Gels created by adding ethanol after the beginning of polycondensation were expected to have similar porosity to the 100 vol% water gels, but with higher ethanol concentrations in the pores of the gels. The porosity of these new gels was measured and confirmed to be the same as the 100 vol% water gels (see Supporting Information).
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Figure 9. Normalized methylene blue concentration in titania gels by pore ethanol concentration and porosity following 3 hours of UV irradiation. Error bars represent standard deviation.
Even the small addition of only 0.03 M ethanol to the pore liquid of the gels resulted in about 46% more methylene blue degradation than the 100 vol% water gels (0.8 M ethanol). This indicates the extent of SED effects from ethanol at such concentrations within the pores.
However, there was no significant difference in performance between gels varying in porosity with an ethanol concentration of 6.4 M. In all cases of ethanol addition, the photocatalytic activity of the gels increased significantly. There does appear to be a limit to how much ethanol can be present in gels of the same porosity before negative effects begin to occur as a result of increasing ethanol. An ethanol concentration of 11.4 M results in a decrease in the extent of methylene blue degradation by 23% when compared to a gel with the same porosity, but a with a concentration 6.4 M of ethanol. Gels with ethanol concentrations of 11.4 M within the pores had varying levels of photocatalytic activity depending on porosity. Gels with a porosity of 81% achieved methylene blue degradation 25% lower than that of gels with porosity of about 87%. In addition to oxidation by photo-generated holes, ethanol can be degraded by radical hydroxyls 35 as shown in Figure 10 . The competition with the methylene blue for the limited radical hydroxyls 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 will suppress the dye degradation and would explain the lower performance associated with lower porosity. These results indicate that even very small amounts of ethanol or a similar SED will greatly increase the photocatalytic activity of the titania gels and may be a more controlled method of improving gels without radical synthesis changes necessary to increase gel porosity. 
CONCLUSIONS
Amorphous titania gels were synthesized via a sol-gel protocol that used water as the primary solvent component in order to enhance biomembrane compatibility. Bacteriorhodopsin in its native purple membrane has been successfully encapsulated within titania gels made without ethanol as evidenced by nearly complete retention of the characteristic spectral absorbance over 20 days. BR was shown to reversibly convert to its light-adapted state and to retain its thermochromic behavior once entrapped, indicating that the pores did not hinder the membrane protein's functionality to make conformational changes in response to its environment. This suggests that BR will retain its ability to function as a proton pump, a factor in favor of using the protein over a conventional dye for sensitizing the titania to permit visible light photocatalysis. The amorphous monoliths were photocatalytic at a level comparable with commercial crystalline nanopowders under UV irradiation; almost complete methylene blue dye 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 degradation was observed within five hours. The inclusion of up to 30 vol% ethanol in the gels helped to promote photocatalytic breakdown of the dye. This confirms the capability of ethanol to act as a sacrificial electron donor and will be beneficial to the photocatalytic efficiency of titania gels once sensitized to visible light for water-splitting hydrogen production. Our future work will consider the substitution of ethanol for a less damaging solvent/SED and address the incorporation of platinum in the gel-based synthesis of titania-encapsulated bacteriorhodopsin for photocatalytic hydrogen production with visible light.
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